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‘This review deals with the experiments carried out over the last decade on
the detection of the genotoxicity in aquatic medium (fresh water) using
amphiblan larvae. Three amphibian species have been widely used: two
species of urodeles, the Spanish newt or pleurodele (Fleurodeles waltl) and
the Mexican axolotl (Ambystoma mexicanum), as well as one anuran, the
South African clawed frog or common platanna (Xenopus laesis). The protocol
carried out on these amphiblans, at the Developmental Biology Center in
Toulouse, France, allows the direct detection of genotoxic agents in the
rearing medium of the nuh by m.mmg the induction level of micronu-
cleated enthrocytes e exposed to pure substances, physical agents,
complex mixtures of mhatanm like drinking and surface water, domestic and
industrial wastes, or any aqueous

After introducing the test procedure and the rearing conditions of the
anlenals. the results obtained with the amphibien micronucleus assay are
th respect to th logical order of the different steps leading
fo the publication of the standardized method i 1992 and to the state of the
art in the fleld of in vivo eco-genotoxicology of aquatic media, where
amphibians, thanks to the works reported in this paper, play a major role.
Then, the cholce of future development areas in the field i discussed in
terms of validity of the use of in the
aquatic the of this model and its
with the used in vitro test-systems,
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INTRODUCTION

Increased environmental pollution can be attributed to a variety of factors resulting
from new wndustrial and agricultural technologies together with changes in our way of life.
Moreover, the nature of the pollution itself has become more diverse. Whatever the origin
of the pollution, it tends to find its way into the aquatic environment. Genotoxic
pollutants affect the aquatic ecosystem, and their presence in the water can also have
repercussions on non-aquatic species via food chains or slmply from dnnkmg the waler
One should therefore be aware of the hidden risks from
substances in the aquatic envi M ,a iderable time may elapse between
the action of the mutagenic agent and the outward signs of its effects. The relationship
between cause and effect may thus become obscured.

The mutagenic risk is particularly apparent in prokaryotes, and readily discermble in
plants and animals with a rapid rate of reproduction, although it is often not very
perceptible in plants and animals (including humans) with a slower reproduction rate. It
should be that the and use of aggressive mutagenic substances
is too recent to allow judgment of effects over a relevant number of generations. The
mutagenicity of an unknown substance is usually evaluated by putting it in contact with
a living system, which 1s then examined for genetic damage. It is generally agreed that it
is dufficult to extrapolate results obtained 1n one living system to another one, or even from
ammal to man Nevertheless, the commonly used tests, as a first step, are based on
bactena, such as the Ames test (AMEs et al,, 1975; MARON & AMEs, 1983). The main
advantages are that such tests can be carried out rapidly and are low in cost. One of the
main drawbacks of these bacterial tests for the detection of genotoxic substances 1n water
is that they are relatively insensitive, and in general they cannot be used on unconcentrated
water samples (WEAVER et al., 1981).

Ideally, one should evaluate the biological hazards of envir
pollutants in situ. In vivo mutagenicity tests applied to unconcentrated water samples
represent a step in this direction (CHOUROULINKOV & JAYLET, 1989; Javier & ZoiL,
1990) They give an i ion of the overall p ial of the water under testing
One example is the micronucleus test adapted to larvae of amphibians that we developed
over the last decade. The larvae can be reared not only in containers filled with
unconcentrated water samples (laboratory conditions), but also in running water of
various sources (effluents of factories, river water or even drinking water).

In amphibian larvae, as in most eukaryotes, chromosome and genome mutations

result in the formation of mi lei (fig. 1). These are small intracytoplas-
mic masses of chromatin resembhng small nuclei (fig. 1A). They are formed from
h or which have not migrated to a spindle
pole during anaphase (f'g 1C). Therefore, the formation of micronuclei stems from either
f or a mal ion of the mitotic apparatus. In the former case,

d to chr that, having lost the centromere, have

been unable to connecl with the spindle fibers. In the latter case, they arise from complete
lagging at hase due to spindle abnormalities. Clastogenic compounds

and spindle poisons both lead to an increase in the number of micronucleated cells.
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Fig. | — Aspect of the or of larvae during (B, C) and after (A)
cell dwision Larvae have been treated during 12 days with BaP (0.5 ppm) and blood smears
were fixed in methanol (5 minutes), stamed with Masson's acid hemalun (12 minutes) and then
plzoed under runnmg water for 10 minutes.

Fou

After treatment with a strong
genotoxlc agent, u 1s not rare to observc cells contaning 4 or more micronuclei (celf on the
nght), whereas in the control larvae, most of the micronucieated cells contain only one
micronucleus but rarely two or three.

B. — Erythrocyte of p. during including 3

C. - Erythrocyte of pleurodele during anaphase, 1n which a chromosomal fragment and
probably a whole chromosome are not incorporated to the spindle.
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Evans et al. (1959) were the first to suggest counting cells contaming micronuclei as
a method for the evaluation of cytogenetic damage. Since then, induction of micronuclei
has been widely used for genotoxicity testing. A detailed description of the micronucleus
test using bone marrow polychromatic erythrocytes from small mammals is given by
ScHMmID (1976). Results from the mi Jeus test and dations for its practical
application have been reviewed by HEDDLE et al. (1983).

In the animal kingdom, micronucleus formation has been studied mainly in mammals.
In aquatic vertebrates, micronucleus tests using fish have been carmed out on different
species: the mudminnow (Umbra limi) and the brown bullhead (Ictalurus nebulosus)
(METCALFE, 1988), the Eastern mudminnow (Umbra pygmaea) (HOOFTMAN & DE RAAT,
1982), the white croaker (Genyonemus lineatus) (CARRAsCO et al , 1990) and Heteropneustes
Sfossilis (Das & NANDA, 1986). In our hands, a similar test, on red blood cells from three
other fish species (Brachydanio rerio, Cyprinus carpio and Nothobranchius rachowi), did not
lead to statistically significant results (unpublished data).

In 1987, KRAUTER et al. demonstrated micronuclei formation in peripheral eryth-
rocytes of Rana catesbeiana tadpoles after irradiation. They proposed this animal for in
vivo genotoxicity studies. Other amphibian species have been designed to score the level
of micronucleated cells in animals exposed to genotoxic substances in water and to

monitor aquatic ic p ions in the

This paper has two major purposes: to present the procedure of the micronucleus test
apphed to 3 amphibian larvae, the pleurodele, the axolotl and the platanna; and to review
the works done until now on the use of these three amphibian species to evaluate the geno-
toxic impact of chemicals or physical agents and to detect genotoxicity in aquatic media.

MATERIALS AND METHODS

THE AMPHIBIAN MICRONUCLEUS TEST

The test procedure has been established in two species of urodeles, Pleurodeles waltl
(the Spanish newt or pl dele; family Sal: dridae) and b i (the
Mexican axolotl; family Ambystomatidae), as well as in the anuran Xenopus laevis (the
South African clawed frog or common platanna; family Pipidae). These three amphibians
are abundant egg-layers: a female of pleurodele or axolotl can lay up to 1000 eggs at once,
while 2000 or 3000 is not rare in platannas. Their rearing and development are now well
described. The details of the test procedure have been described in the publications
mentioned above, and for urodeles documentation sheets have been published by the
French Standards Institute (ANONYMous, 1987, 1992).

Rearing conditions
Urodeles

Similar methods are used to rear both axolotl and pleurodele larvae. After they are
laid, the eggs are placed in an aguarium. The water is normal tap water filtered through
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active carbon or “ultrapure” water reconstituted with salts. The young larvae eat only live
food. After hatching, the animals are fed on freshly hatched artemia (Artemia salina) or
daphnia (any species). Then the food is switched to Chirononus larvae. Usually this latter
food is subsequently used throughout the experiments. The temperature of the water can
range from 12 to 20°C. Within this range, an increase in temperature increases the growth
rate of the animals. It is therefore possible to change the rate of development of ammals
depending on requirements, and several groups at different stages of development can be
studied at the same time. However, the temperature dependence of the mitotic index must
be taken into account. All treatments are carried out at 20°C They are always carried out
after a 8-day habituation period at this

Platanna

Xenopus tadpoles are fed on dehydrated aquarium fish food. The temperature of the
water can range from 18 to 23°C; the growth rate also depends on the rearing temperature
All treatments are carried out at 22°C after a 6-day habituation period at this

Treatment stage

The size of the larvae must be large enough to allow an easy taking of blood samples.
They must also be at a stage of intense erythropoiesis with a large number of divisions of
the red blood cells in circulating blood. As the rate of growth 15 a function of temperature,
and as treatment should be carried out when the larvae are in an identical physiological
state, age cannot be used as a reference. An accurate morphological marker is required.
For the axolotl, we have found that treatment must start when the hind limb buds of the
larvae exhibit slight indentation (onset of formation of the two first digits). For pleurodele,
treatment is started when the hind limbs present four well formed digits with an outline
of the fifth (fig. 2A). In both cases, the mean size of the larvae is around 30 mm (about
6 weeks after laying). They reach 40 mm within the next 10 days. The growth of Xenopus
larvae is quicker and the test can begin 2 weeks after laying. At this time, one must choose
larvae at stage 50 (fig. 2B) of the chronological table of NIEUWKOOP & FABER (1956) (hind
limb bud longer than broad, constricted at base).

Experimental design

The treatment procedure is basically the same for all three species. They are treated
. in groups of twenty in 5-liter flasks filled with 2 liters of the sample (100 ml of water per
larva). Control groups are reared in purified water. The media are renewed and food is
added every 24 hours. At the end of the treatment period (generally 12 days for pleurodele
and platanna and 10 days for axolotl), the animals are anesthetized with 0.02 % tricaine
methane sulfonate. Blood samples are taken by cardiac puncture into heparinized
micropipettes (20 % solution at 5000 IU/ml). Blood smears are made, then fixed in
methanol and stained with hemalun solution. Slides are examined under the microscope
with an immersion lens (X 100). For each animal, the number of micronucleated red
blood cells per 1000 cells is determined {fig. 2C-D). In these conditions, the frequencies of
micronucleated erythrocytes in the control ammals is about 0.5 — 1 % for urodeles and
0.1 % for platanna.
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Significance of the test

For each group of animals, the results (level of micronucleated red cells per 1000}
obtained for the individual larvae are arranged in increasing order of magnitude and the
medians and quartiles calculated (see example in Table IIT). In most studies, the statistical
method used to compare the medians 15 based on the recommandations of Mac GILL et
al. (1978). It consists in determining the theoretical medians of samples of size N (where
N = 7) and their 95 % confidence limits expressed by M + 1.57 x IQR / N, where M
= median and IQR — Inter Quartile Range (see example in fig. 3). In these conditions,
the difference between the theoretical medians of the test groups and the theoretical
median of the control group is significant to within 95 % certainty if there is no overlap.
The result is then positive. In the absence of i lati a result is i
positive if the two following conditions are satisfied : (1) the median of the treated animals
is twice that of controls; (2) the lowest quartile of the treated animals is above the highest
quartile of the controls. A positive result can be taken for any duration of treatment, but
in general 4 to 8 days is long enough for a strongly clastogenic substance used at maximal
concentration (MC). MC is defined as half the lethal concentration within a period of
6 days.

BACTERIAL TEST-SYSTEMS

This paper relates the results obtamed in comparative sludles mcludmg in vutro test
systems on bacteria: the Ames test, ing point i h
the fluctuation test, which is a modification of the Ames test where the compounds under
study are exposed to bacteria in a liquid medium instead of the agar plates used in the
Ames assay, and the SOS chromotest, showing pnmary DNA damage on Escherichia colr.

Fig.2.  Amphibian larvae used for the assay and di showing
micronucleated cells
A. — Pleurodele larva at the stage of treatment, 1e. stage 53b, according to the

chronological development table of GALLEN & DuRockEr (1957), or stage 45-46 of the
development table of SHt & Boucaut (1995). At this stage of development, the pleurodele larva
is a small aquatic animal (about 35 mm long) Axolotl larva has the same appearance and the
same size as pleuredele larva at the treatment stage.

B. — Xenopus larvae at the stage of treatment. Left, larva at stage 50 of the chronological
table of development of Nieuwkoor & FABER (1956), corresponding to the beginning of the test.
Rught, larva at stage 54, 12 days later, corresponding to the end of the test. During the testing
period, at 22°C, the ammals are growing very quickly, increasing in size from 22-26 mm (st. 50)
to 58-65 mm (st. 54).

- Blood smear from a pleurodele larva, stamed with Masson’s hemalun, showing red
blood cells with their main nucleus and one micronucleated cell. Pleurodele and axolotl
ervthrocytes are big ovoid celis (about 30 um in diameter)

D - Blood smear from a Xenopus larva, stamed with hematoxylin, showing one
micronucleated erythrocyte. Xenopus erythrocytes are smaller than those of urodele species
(about 10 pm 1n diameter)
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Principles of the tests

Ames test
The most widely used and validated bacterial €1 i test is that devised by
AwEs et al. (1975). The Ames test (also called the Safmonell test)

employs strains of Salmonella typhimurium, which are unable to produce their own
histidine. Each of these strains bears a specific defect or mutation in the metabolic
pathway to histidine Reverse mutations restore the ability to synthesize histidine. These
reverse mutations are induced by specific mutagens. Mutagens that cause base pair
substitutions can be distinguished from those that lead to frameshift mutations by the use
of different strains. If the mutant strain (his-), which is unable to grow n media devoid
of histdine, regains the ability to synthesize histidine after being exposed to an extract,
then the extract is assumed to contain a mutagen.

However, unhke mammals, bacteria lack the necessary oxidative enzyme systems that
ize foreign to ds that interact with DNA
(indirect mutagens). Bacterial tests are thus carried out in the presence of a liver
microsomal fraction that contains such enzymes. Thus 15 usually prepared by ultracentr-
fugation of a cell homogenate of rat liver. The metabolic activity of this fraction (S9
fraction that contains cytochrome P 450 / P 448 oxid: is by prior
of the rats for several days with an inducer (usually Aroclor 1254). The so-called S9-mix
is made up from this S9 fraction that 1s buffered and supplemented with NADP and
glucose-6-phosphate. A standard procedure has been drawn up for this test. Each test is
camed out several imes, both with (detection of indirect mutagens) and without metabolic
d ion of direct

Fluctuation test

GREEN et al. (1976) have developed another mutagenicity test based on the Ames test
that is both simple and sensitive. The same bacterial strains are exposed to the test
substances in a liquid medium. The auxotrophic mutant strains (around 3.107 bacteria) are
placed in a culture medium containing glucose, a small quantity of histidine and the test
substance. Activation medium (S9) may be added later. An overall volume of 5 ml is

Ily employed. Fifty i dent cultures in 0.1 ml containing around 5.10° bacteria
are then set up. The small bacterial population minimizes the number of preexisting
revertants. The tubes are incubated at 37°C overnight. The bacteria are allowed to grow
until the supply of histidine is exhausted. This is referred to as the period of auxotrophic
growth. The next day, 2 m! of a selective medium (containing glucose, a pH indicator such
as by i, but without histidine) is added to each culture. The tubes are incubated
for a further 2 or 3 days at 37°C. Only the revertants (prototrophuc for histidine) are able
to grow. This leads to a fall in pH, and the tubes turn from blue to yellow. Thus is referred
to as the phase of prototrophic growth. The number of positive tubes are counted
(prototrophic growth — yellow) in a batch of 50 tubes. Using appropriate statistical
methods, the number of positive tubes are compared between the tubes containing test
substances and the control tubes. The test is rephcated a number of times, and similar
controls to those used in the classic Ames test are run in parallel.
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SOS chromotest

The genotoxic effects observed in the bacterial tests are often not direct actions of the
agent. They are often the outward signs of the overall responses of the cell to this action.
In Escherichia coli, DNA-damaging treatments can activaie a set of functions known as
the SOS responses. This has been exploited by an operon fusion placing lac Z, the
structural gene for B-galactosidase, under control of the sfiA gene, a SOS function
involved in the inhibition of cell division. A simple and direct colormetric assay of this
SOS response to DNA damage has been developed, called the SOS chromotest
(QUILLARDET et al., 1982; QUILLARDET & HoFNUNG, 1985). Mutagenicity is evaluated
quantitatively in terms of the SOS-inducing potency. Enzyme activity after incubating the
tester strain in the presence of varous amounts of the test compound 1s measured
colorimetrically. Aliquots of a dilution of exponential phase cultures are placed in glass
test tubes containing the compound to be tested. After 2 hours incubation at 37°C with
shaking, B-galactosidase and alkaline phosphatase activities are assayed.

The classic microsomal activation preparation may also be added to the incubation
mixture. To correct for the imhibition of protein synthesis that may be induced by certain

substances, the strain is made for i of alkaline phosph This
enzyme is i ible by DNA-d agents. The ratio of the two activities
(B-gal: to alkahne phosph is taken as a measure of the specific activity of

B-galactosidase.

RESULTS OBTAINED WITH THE AMPHIBIAN MICRONUCLEUS TEST
GENOTOXICITY OF X-RAYS AND CHEMICALS
Initially, the sensitivity and d P of the test were eval d

with X-ray irradiations as well as known physical clastogenic agents and chemicals
exposure, in pleurodele larvae.

SIBOULET et al. (1984) d the freq of micr d red blood cells 1n
the amimals 6 days after X-ray ln'adnauon A dose of 6 rad (relatively weak) leads to a
effect. The d ly linear up to 150 rad, after which the

slope falls and the maximal effect is reached at 600 rad.

‘Two years later, JAYLET et al. (1986a) determined the most switable larval stage for
testing chemicals using pleurodele larvae reared in water containing one of the 4 following
compounds: benzo(a)pyrene (BaP), ethyl methanesulphonate (EMS), diethyl sulphate
(DES) and N-ethyl-N'-mitro-N-nitrosoguanidine (ENNG). Response curves as a function
of treatment duration over a period of 16 days were plotted for 3 different concentrations
of the 4 compounds in order to optimize conditions for a low dose micronucleus test.

The same year, GRINFELD et al. (1986) focused on BaP studies. These authors exposed
pleurodele larvae !o dlfferem concemratmns of the substance for various lengths of time.
F of lei in erythrocytes were determined at different times
after ter ion of the The incids of micronuclei in larvae kept for 8 days
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Table 1. - Summary of the results obtained for different chemical classes and X-rays
with Pleurodeles walt! (from FERNANDEZ et al., 1993).

Chemical class Nu.mber of Positive Negative

chemicals tested responses responses
Miscellaneous 24 9 15
Amines (aromatic, aliphatic) 7 5 2
Nitroso compounds 5 5 0
Polycyclic carbocycles 5 5 0
N-, S-, O-mustards 2 2 0
Azrridines 1 1 0
Carbamates 1 1 0
Oxygenated sulfur 2 2 0
Total 47 30 17
X-Rays 12 doses 12 [

1 BaP containing water displayed a marked mcrease with dose up to 0.075 ppm and a
more gradual one with hgher doses, reaching 158 per 1000 at 0.75 ppm. The lowest dose
at which a significant increase could be discerned was 0.01 ppm. Uptake and release was
studied with tntiated BaP. Larvae BaP rapidly, ining maximal levels after
12 hours. The ratio of radioactivity in larvae to that in an equivalent volume of
surrounding water was about 200, independent of the amount of BaP added. The marked
bioaccumulation pownual of newt larvae partially explains why 1t is not necessary to

poll in samples of natural or drinking water to detect

genotoxic effects
Results with 19 organic compounds have been publlshed by FERNANDEZ et al. (1989).

Most of them were known or d or in
The results were compared with published data from other tests used to detect the
it or ic properties of I

In 1993, FERNANDEZ et al. published results obtained with 47 different chemical
compounds, after 12 days orfand 8 days of exposure 1n pleurodele, axolot! and Xenopus
larvae. The overall results obtained for the different chemical classes tested with pleurodele
are shown in Table I. For comparative purposes, literature data have been collected on
other short-term genotoxicity tests and on long-term carcinogenicity assays 1n rodents
{Table IT). In this study, the newt micronucleus assay on pleurodele larvae was found to
agree better with the Ames test (bacterial test) (percent concordance with the newt
micronucleus test: 86 %) than with the rodent micronucleus test (71 %).
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Using pleurodele larvae, the ity of 7 polycycl ic hydrocarbons
(PAHs) was compared and the influence of UVA irradiation evaluated by FERNANDEZ &
L’HARIDON (1992). The authors classified the PAHs in the following order of genotoxicity:
benz(a)anthracene (BA) = 7,12-benz(a)anthraquinone > 7,12 dimethyl-benz(a)anthracene
(DMBA) > 9,10-dimethylanthracene; whereas anthracene, 9,10 anthraquinone and
dibenz(a,h)anthracene were not found to be clastogenic. Under lighting conditions (UVA
irradiations for 24 hours) of the rearing media alone (water containing the tested substance),
and then tested on larvae 1n the dark, BA (50 and 100 ppm) gave mse to clastogenic
products, whereas DMBA (12.5; 25 and 50 ppb) gave no positive response in the test.

More recently, in the same area of research, DioMo et al. (1995) studied the

ity of 4 pol hic hydrocarbons a part of the major fraction of

hydrocarbons found in a crude oil. The authors confirmed the strong genotoxic potential

of benzo(a)pyrene, whereas the genotoxicity of naphtalene was weak. In contrast, the two

other pounds tested, anth and pt h gave negative responses in the
newt micronucleus test.

L’HARIDON et al. (1993) applied the same test system to evaluate the genotoxicity of
amines and/or potential mitrosating agents (mitrite and nitrate} in vivo. The authors
obtained negative results under varying rearing conditions (lighting conditions, pH 8-6-5)
with atrazine, diethanol alone or 1n b with sodium nitrite or nitrate.
However, the icity of N-ni ine (NAT) at 7.5 and 15 ppm and
N-nitrosodiethanolamine (NDELA) at 12.5-25 and 50 ppm, was demonstrated. In
conclusion, the authors suggested that, at the concentrations used {close to those which
may be encountered in a polluted natural aquatic environment), 1f NAT or NDELA are
formed, the amounts produced are probably too low to yield a positive response in the
newt micronucleus test.

The cytogenetic effects of mercury compounds have been widely studied in plants,
Drosophila and tissue culture cells, but to our knowledge they have not been evaluated in
vertebrates in vivo. Pleurodele larvae were raised 1n water containing low concentrations
of methyl mercuric chloride or mercuric chloride (ZoiL et al., 1988). It should be noted
that a low ion of the two sut (12 ppb) gave a positive result and that
equivalent concentrations in the water of both mercuric compounds led to similar levels
of micronucleated cells. The test gives positive results for concentrations below those often
found in samples of contaminated water (GIRAUD & GUILLET, 1972). Both chromosome
aberrations and abnormalities in cell division were observed in cells from armals treated
with these two sut i fation of both p was also by
determination of mercury levels in the larvae. After 12 days of treatment, concentration
factors (concentration in the organism / concentration 1 the water) of 1200 and 600 were
found for methyl mercuric chloride and mercuric chlonde respectively.

In order to i igate the ity of the leus test in pl dele, larvae
from another urodele, the axolotl, were reared in water containing either of the
compounds benzo(a)pyrene (BaP) or ethyl methane sulfonate (EMS) (JAYLET et al.,
1986b) The level of micronucleated erythrocytes on blood smears was compared with
control samples from larvae reared in fresh water. The optimum larval stage for this test
system was determined. The effects of the indirect mutagen (BaP) and the direct mutagen
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(EMS) were found to depend on both dose and exposure to the clastogen. For BaP,
positive results were obtained after 8 days of treatment at a concentration of 0.025 ppm.
After 10 days of treatment at a conceniration of 0.1 ppm, numerous micronuclei were seen
(< 25 %) Positive results were also obtained with EMS afier 8 days of treatment at a
concentration of 24 ppm. At 62 ppm, positive results were found after 6 days, while at 124
ppm positive results were found after only 4 days. The results with both these agents show
that the axolotl also holds promise as an in vivo test system for the detection of low

of ¢l in the aquatic envi This is not very surprising, since
the axolotl is morphologically and biologically rather similar to the pleurodele at both the
embryonic and larval stages, although not of the same family.

The third species used was Xenopus laevis. It differs in a number of respects from the
previous two species, including its feeding behavior. Three different variables, temperature,
stage of larval development and frequency of renewal of the test substance, were
investigated using EMS as the clastogenic compound. In addition, a dose-response curve
was established for BaP 1n order to determine the limits of sensitivity of the test (VAN
HUMMELEN et al., 1989). With BaP, the lowest concentration (0.03 ppm) gave a negative
response. From 0.06 ppm up to 0.5 ppm, an approximately linear increase in median value
of cells with micronucler was observed. This linear response indicates that the test is

Table II. - Comparison of qualitative results obtamed for different chemical
substances and X-rays in the newt Pleurodeles waltl, with various short-term
genotoxicity and long-term rodent carcinogenicity tests (from FERNANDEZ et

al., 1993). Abbreviations for chemical AOQ, acridine orange; Aro,
Aroclor 1254; AT, atrazine; BaP, benzo(a)pyrene; BrFo, bromoform; BHA,
butylated hydroxyanisole; CAP, prol ClFo, m; CP,

loph id hydrate; DEIA, di lamine; DES, diethyl sulfate;

DMSO, dimethyl sulfoxide; ECH, epichlorhydrin; EtOH, ethanol; EB,
ethidium bromide; EMS, ethyl methane sulfonate DBE, ethylene dibromide;

ENNG, N-ethyl-N'-nitro-N-ni ENU, N-ethyl-N-ni ;
GSH, glutathi HEMPA, b ide; InM, indometh

MeC, mercuric chloride; 3-MC, 3- me(hylcholanthrene MMeC, methyl
mercunc ch]ondc MCA NAT Neni ine; NDEIA,
N. PB, Py, pyrene; NaF, sodium
fluoride; NaOCl, sodium hypochlome NaNO,, sodium nitrate; NaNOi,
sodium nitrite; STS, sodium thi TPA, 12-0. ds ylphorbol-13-
acetate; o-TOL, i TCAH, tri yde hydrate; BA,
benz(a)anthracene; CAF, caffeine; CAN, Captan CARB, Carbaryl CoL,
colchicine; DMBA, 7,12-dimethylb ETI, FA,

formaldehyde; N-CARB, N-nitrosocarbaryl. Abbreviations for results: +,
positive; (+), weakly positive; -, negative; ?, inconclusive; L.P, limited
positive; L.N, limited negative; E.E, equivocal evidence; +/-, different results
depending on the authors or on the cell types; A, aneuploidy; P, polyploidy.
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reliable, although the lower f ies of cells with at doses above 0.5 ppm
are probably accounted for by a lower rate of growth of the larvae exposed to high doses
of BaP In fact, above BaP concentrations of 1 ppm the larvae eat less and grow more
slowly than the larvae 1n the other samples. The mitouc index is thus lower and, since the
production of micronuclei depends on cell division, a fall in the mitotic index results in a
decrease in the number of red blood cells with micronuclei. It is worth noting that a stmilar
phenomenon occurs for the same concentrations in axolotl and pleurodele with BaP.

All these results demonstrate the sensitivity and the rehability of the test for known
genotoxic agents experimentally added to the rearing water It was important to find out
whether the i i test was also to real-world situati

GENOTOXICITY IN DRINKING WATER

Using pleurodele larvae, JAYLET et al. (1986¢, 1987) evaluated the mutagenic activity
in drinkang water taken directly from the tap supplying the laboratory. Groups of larvae
were reared in tap water, while control animals were reared in tap water filtered over sand
and active carbon, to remove micropollutants. Seven separate tests carned out in samples
of tap water taken at different times throughout the year gave positive results of varying
degree depending on the time of the year (see results in Table 111 and fig. 3). The authors
concluded that this test was therefore able to detect clastogens in normal drninking water
and that 1t could be used for quality control of drinking water during the various stages
in the treatment of raw water. The aim of these studies was to determine whether the test
was sufficiently sensitive to be used directly on drinking water samples without prior
extraction or concentration of the micropollutants. To our knowledge, this was the first
description of a test system using an aquatic vertebrate for the detection of potential
clastogens 1n sampies of tap water.

To explain the positive results obtained 1n these previous expenments, various
hypothesis have been formulated. Genotoxic micropollutants in drinking water can come
from a variety of origins. Various possibilities suggest themselves which are not mutually
exclusive. The micropollutants may be (1) residual chlorine from the chlorination processes

used for water disinfection, (2) sub: produced by the action of chlorine on organic
matter forming hal d organic pounds, or (3) even present 1n the raw
water.

(1) In order to examine the first possibility, further experiments were carried out.

GAUTHIER et al. (1989) I d ic activity of chlorii d and hl
raminated water devoid of all organic matter on pleurodele larvae. The level of
1 erythrocytes was pared between a group of larvae reared for 12 days

m chlonnated reconstituted ultrapure water treated with sodium hypochlorite and a
control group reared in just the reconstituted water Sodium hypochlorite was added when
both the food and medium were changed each day. Chlorine levels of 0.125 and 0.25 ppm
led to significant elevations of micronuclei. The possibility of indirect effects of chlorine
through chemical interactions with the food were also investigated, using the following
scheme larvae were left for 3 hours 1n chiorinated reconstituted ultrapure water and then
placed in non-chlonnated water. Food was only introduced when they were transferred to
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Table III. - Results of tests on laboratory tap water (expressed as the number of micronucleated cells per thousand) carried out on
pleurodele larvae, over a 8-month period between October 1985 and May 1986 (from JAYLET et al., 1987). +, positive result.

DATE 12.10.85 241085 041285 31.01.86 04.03.86 21.03.86 17.05 86
t024.10 85 t0 12 11 85 10 16.12.85 to 19 02.86 0 20 03 86 to 15 04.86 ©23 05 86
Filered ~ Tap  Filered  Tep  Fiteted  Tap  Fifiered  Tap  Fitered  Tap  Fitered  Tap  Fikered  Tap
Lpwaler  water apwaler  Waler pWAlSr  Waler  lpwaler  waler pwaler wales lapwaler  Waler  lapwaler  water o
Lower extreme 2 14 4 5 1 5 0 1 [ 4 0 2 ¢ 2 E
Lower quartile 6.5 20 5.5 14 5 10 2 5 2 10 1 3 4 7 E
Median 9 31 7 23 7 13 3 6.5 4 12.5 2 4 7 12.5 g
Upper quartile 13.5 45 9 41 115 17 4 8 5 19 3 4.5 B 16.5
Upper extreme 21 64 15 105 20 29 7 15 14 36 4 2 12 42
Mean 105 343 74 3141 868 141 31 72 41 1“7 21 43 605  14.05
Results + + + + + + +
Anmal number 0 13 15 7 19 19 10 i0 20 20 20 20 20 20
3
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Fig. 3. Histograms of median values obtained for various tests on laboratory drinking water
samples. In black, tests usmg drinking water filtered over sand and carbon; in white, tests over
the same period using non-filicred tap water. Error bars indicate 95 % confidence hmuts. Date
of tests: N° 1, 12.10.85 to 24.10.85; N° 2, 24.10.85 to 12.11.85; N° 3, 04.12.85 to 16 12.85: N°
4,31 01.86 to 19.02.86, N° 5, 04.03.86 to 20.03.86; N° 6, 21 0386 to 1504 86; N° 7, 17.05 86 1o
23.05 86 (from Javier et al., 1987).

the non-chlonnated water. This procedure was repeated for 12 consecutive days. Control
larvae were reared in non-chlorinated water throughout this period. In this case, results
were also positive when the larvae were exposed for only 3 hours to the chlorine (0.2 ppm
for 12 days) in the absence of food. The same experiment was carried out with
monochloramine instead of sodium hypochl The level of mi with
i i ion of h ine (0.05, 0.1 and 0.15 ppm} although only the
0.15 ppm concentration gave a statistically signifi cant response. The results of these
experiments indicated that free chlorine and ine were responsible for the
clastogen effect observed 1n newt larvae.

GAUTHIER et al. (1990) studied dechlorination effects of sodium hyposulfite {Na,S,0,)
on the genotoxic potential of chlorinated water with pleurodele larvae. The ammals were
reared both in reconstituted water and in reconstituted water containing 0.22, 0.56 and
1.12 ppm of chlorine (sodium hypochlonte). Chlorinated water samples were then fully
dechlorinated by adding increasing concentrations of sodium hyposulfite (respectively 1,
2.5 and 5 ppm). For each test, the dechlorination was controlled by colormmetric dosage
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of the residual chlorine. The same concentrations of sodium hyposulfite have been tested
with the newt micronucleus test. In these experiments, no positive responses were
observed, neither in dechlorination experiments nor in the water containing sodium
hyposulfite alone. The authors concluded that sodum hyposulfite, a substance that 1s
widely used in water treatment plants to control the concentration of chlorine in drinking
water, was not g on pl dele larvae. M -, dechlorination of water
chlonnated with hypochlorite amounts, normally leading to clastogenlc effects in the newt,
led to the elimination of the genotoxicity.

These results confirmed previous results observed in water treatment plants by
GAUTHIER et al. (1988) showing that pleurodele larvae reared in water samples taken at
different treatment steps generally gave no positive responses after dechlorination with
sodium hyposulfite, whereas positive responses were observed in chlorinated water samples
partially dechlorinated by physical techniques.

Since ozone is also used to disinfect water (ozone has been increasingly used 1
Europe in view of its oxidizing, bleaching and deodonzing properties), JAYLET et al.
(1990a) carried out other experiments in which pleurodele larvae were reared in river water
containing different concentrations of ozone. After determination of the ozone demand in
water samples of the river Seine, the following ozone concentrations were tested: 1/4 of the
ozone demand in the raw water, 1/2, the overall and twice the ozone demand. The authors
showed that treatment of Seine river water with low concentrations of ozone {(correspon-
ding to 1/4 of the ozone demand) led to a genotoxic effect, whereas ozonation at igher
doses had no significant effect on the level of micronucle: induced. They concluded that
ozonation of surface water with low doses of ozone may lead to genotoxic effects which
are abolished by higher doses of ozone, thus confirming other results obtained with in
vitro test systems (Van Hoor, 1982; BourBiGoT et al., 1986, KooL & HRUBEC, 1986).

(2) According to our second hyp: is, ic micropoll may be

produced by the action of chlorine on organic matter present in the raw water.

In order to examine this possibility, LECURIEUX et al. (19954) studied the genotoxic
effects of six hal d acetonitriles identified in chlorinated waters (monochloro-,
dichloro-, trichloro-, monobromo-, dibromo- and bromochloroacetonitrile), with three
short-term assays: the SOS chromotest (QUILLARDET & HOFFNUNG, 1985; MARZIN et al.,
1986; Xu et al., 1989), the Ames fluctuation test (MARON & AMEs , 1983; HUBBARD et al.,
1984) and the hibian micre leus test on pl dele larvae. In this study, clastogenic
effects on peripheral blood erythrocytes of the animals were detected for all the six
haloacetonitriles tested. The authors noted two structure-activity relationships. The
genotoxic activity of haloacetonitriles containing bromine substituants appeared higher
than the corresponding chlorinated acetonitriles and the clactogemic activity of the
chlorinated acetonitriles increased with the number of chlonne substituents.

In the same way, LECUR!EUX et al. (19955) evaluated the genotoxlclty of four trihalo-

m, b hane, chl and b form).
‘The newt micronucleus assay detected a clastogenic effect on peripheral blood erythrocytes
of pl dele larvae for b di and b m. The authors noted that
the presence of bromine P24 lly led to significan ic activity.
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(3) Our last hypothesis on the origin of the genotoxic effects observed in drinking
water the of poll and/or mi 11 present 10 the raw
water before treatment. It was important to find out whether the amphibian micronucleus
test could be relevant to in vivo studies using natural waters taken directly from the
aquatic medium.

MONITORING GENOTOXIC POLLUTION IN THE AQUATIC ENVIRONMENT

There are two different origins for water contamination. It may be due either to the
presence of lving organisms, viruses, bacteria and parasites, or it may have chemical
origins. Within chemical contaminants, it is useful to dlstmgmsh solld particles in
suspension, inorganic soluble and organic pounds, and radi The
genetic impact of pollutants corresponds to the overall effect of the various contaminants
which interact within the aquatic environment and are all very unstable. Attempts to get
a definition of the genotoxic load of polluted waters (waste waters, industnal effluents,
etc.), were most often based on short-term bactenal assays, such as the Ames test,
performed either directly in the waste water or after preconcentration of the organics.
These assays performed directly in water often yield negative or ambiguous results
(WEAVER et al., 1981). An additional problem is that loss of genotoxicity may occur when
the sample is filtered for sterilization. Testing of concentrates will limit the scope of a
survey to that part of the organic matter that can be recovered by concentration
techniques. Many of the problems encountered with the in vitro assays may be
circumvented with direct testing in aguatic organisms. In the past ten years, a number of
tests were developed, either with plants or with aquatic amimals (see the reviews of:
CHOUROULINKOV & JAYLET, 1989; JAYLET & ZoLL, 1990; JAYLET et al., 1990b; ZoLL et al.,
1990; GobEr et al , 1993), which can potentially be used to assess the genotoxic potency
of a waste water. The advantages are clear: there is no need to concentrate a sample or
to sterilize it, and the tests can be carried out with intact animals, taking into account
uptake and elimination, internal transport and metabolism.

Until now, few attempts have been made to incorporate in vivo genotoxicity assays
in the quality assessment of effluents. A first comparison between different approaches,
both from the technical pont of view (seusitivity, practical use) and from the economic
side, has been made by VaN DEr GaaG et al. (1990) In order to make a companson
between several app hes for the agents in , the
authors characterized an industrial effluent W|th three different in vivo assays for
genotoxicity, including sister chromatid exch: (SCE) induction in the fish Nothob
chius rachowt (VAN DER GaaG & VAN D KERKHOFF, 1985; VAN DE KERKHOFF & VAN
DEer Gaag, 1985), and the formation of in the i deles waltl
and 1n the mussel Mytilus edulis (MaJONE et al., 1987, BRUNETTI et al., 1988 SCARPATO et
al., 1990). The same effluent was tested 1n the Ames test and in the SOS chromotest. The
genotoxicity assays were also performed in XAD-extracts of this effluent, as well as in the
flow-through of the XAD columns. A number of routine chemical parameters have been
determined in the waste water and in the effluents of the filter and of the XAD columns.
Water samples were taken from an effluent of a biological waste water treatment unit
receiving effluents from various petrochemical industries.
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An 80-liter sample of waste water was taken at the discharge point of the biological
waste water treatment plant. Twenty liters were used for direct in vivo testing and 15 liters
were sterilized with gamma rays (25 kGy) for the tests on bacterial genotoxicity assays. To
check the effect of sterilization, part of this sample was assayed with in vivo test systems.
In order to assess the effectivity of methods that concentrate pollutants from the water,
45 liters of the sample were filtered over a 1 um glass fiber filter, which was then passed
over XAD 4, first at ambient pH and at pH 2 ding to the tech
of NoorDsu et al., 1983). The organics were eluted from the filter and the XAD columns,
and the final samples concentrated in ethanol. Part of the sample was collected after
filtration and XAD pH 7 adsorption for testing n vivo and in vitro. After XAD pH 2
adsorption, the sample was neutralized with NaOH before testing.

Physico-chemical analysis before and after treatment showed that filtration of the
industrial effluent affected neither the concentration of dissolved organic carbon nor the
concentration of the various organohalides measured. Passing the industrial effluent
through the XAD column at pH 7 only retained 25 % of the dissolved organic carbon;
however it did retain the majority of the organohalides. Chromatography of the pH 7
XAD concentrate showcd the presence of a large range of compounds which were
tipophilic to mod 1y hydrophilic. The outflow from the first XAD column at pH 7
contamed 75% of lhe dissolved organic carbon and 50 % of the CaOX fraction
(organohalides absorbed on carbon), but almost the entire EOX fraction (extractable
organohahdes) was retained by the resin. Adsorption on the second XAD column at pH
2 retamned a further 23 % of the dissolved organic carbon of the sample and 30 % of (he
CaOX fraction. Analysis by HPLC showed a pred: of mod 1
compounds in this fraction. Finally, after the various treatments, the industrial efﬂuent
still contained more than 50 % of the dissolved organic carbon and about 30 % of the
CaOX fraction.

Genotoxic effects were observed in waste water dilutions with the SCE assay with
Nothobranchius rachowi and the micronucleus assays with Pleumdeles waltl and Mytilus
edulis. The increase in SCE and in incid of cells in
pleurodele was still highly significant at the lowest concentration tested of 32 mi/l of
dilution water. In the mussel, a significant increase only occurred at the highest
concentration tested (100 ml/l). Filtration did not affect the in vivo genotoxicity A
significant amount of the genotoxic effect observed in the SCE assay was present in the
extract from a 1pm glass fiber filter that was placed before the XAD columns. The
genotoxicity in the SCE assay was not, however, altered by this filtration, suggesting that
a part of the potential genotoxic effect of this effluent was not directly biclogically
available. XAD adsorption removed a major amount of the mutagenicity. Both in vivo
tests (SCE in the fish and MN in amphibian), however, still detected a significant
genotoxic effect in the flow-through of the XAD pH 2 column. The more hydrophilic part
of the genotoxic activity could amount 15 to 40% of the biologically available
mutagenicity in this sample, according to the estimates from the SCE and micronucleus
assays. Gamma-irradiation sterilization significantly reduced the genotoxic activity of the
waste water in the SCE assay and in the amphibian micronucleus test.

The bacterial mutagenicity assays only detected effects in the different organic
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concentrates Direct testing was carried out only in gamma-ray sterilized samples, but
effects were not observed in the Ames test or in the SOS chromotest.

For the authors, this pilot study was a first clear proof that the analytical chemical
techniques used to monitor waste waters only cover a part of the organic components that
can be a potential nisk to health: 30 to 50 % of the genotoxic effect present 1n the dissolved
fraction of this specific waste water was not recovered on XAD. The yield is even lower
if one ts for the ial amount of i that was found in the filter
extract, a non soluble fraction that was not directly biologically available. Although the
genotoxic substances in this fraction are not directly taken up by aquatic animals, it is
hghly probable that these compounds will finally settle in sediments, and become available
for bioconcentration in the Jong run if they are not degraded. Furthermore, in this study,
the authors demonstrated that sterilization with gamma rays reduced the genotoxic effect
of the waste water sample in both the SCE and micronucleus assay. These results introduce
an uncertain aspect about those of the bacterial assays. the direct tests were carried out
in gamma-ray treated waste water, and did not detect any mutagenicity at all. Considering
the effectivity of 1 vivo test systems to detect genotoxic compounds in the industrial
effluent studied, the authors concluded that the sensitivity of the in vivo assays was higher
than that of the bacterial tests. The SCE assay and the micronucleus test could be carried
out directly 1n dilutions of the sample, while a concentrate had to be made of the organics
to assess the effect in the Ames test and the SOS chromotest. Furthermore, the costs and
duration of the in vivo assays, if carried out on a routine basis, are not very different from
those of bacterial assays.

Following this pilot study, GAUTHIER et al. (1993} published the results of a first
environmental study using the micronucleus test on pleurodele larvae to detect the
genotoxicity of waste waters and industnial effluents. In this study, pleurodele larvae were
exposed to various types of industrial waste waters in order to estimate the ability of the
micronucleus test system to reveal the genotoxic potency of polluted waters. The first test
carried out on effluent from wool and leather industries (tannery effluent) showed that the
newt micronucleus test was clearly able to demonstrate the genotoxiaity of river water
contaminated by this type of waste. Furthermore, negative results obtained with water
samples taken at the same point and tested at the same concentration after that a large

has been in ion in the tanning and wool industries (waste
reducuon and punﬁcanon) underlmed the ability of the newt micronucleus test to play a
potental role in ion of waste water A series of experiments

carried out with an oil-refinery waste gave positive responses on the effluent sampled
directly at the outlet, but not on effluent taken 300 m downstream. It could therefore be
assumed that the in the 2 have been diluted too
much to bring about a positive result 1n the newt micronucleus test. It 1s also suggested
that antagomstic relationships exist between certain substances contained in the waste
water and substances present in the water receiving the waste (for example binding to
humic matters or suspended solids). Furthermore, on the same effluent, induction of
micronuclei was also observed when the animals were exposed to the samples for 8 days
instead of 12. At the dilution of 250 ml/l, for both test durations, a positive response of
similar amplitude was obtained, demonstrating that shorter test durations may be possible
without substantial changes in the response. In the same study, other genotoxicity tests
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carned out directly on a Dutch effluent taken in the nver Rhine and on XAD extracts of
the industrial effluent, also gave a direct demonstration of the genotoxic activity of waste
from the petrochemical industry. The authors concluded that the experiments carried out
with the newt micronucleus assay on industrial effluent of various origins underlined the
ability of this method to detect the anthropogenic genotoxicity of polluted natural waters
and to evaluate directly the impact of aquatic contarmnation on the exposed ecosystems.
The simpheity of the test could allow its use in routine monitoring of, for example, the
contamination of a river and in the evaluation of programs 1ntended to reduce pollution.
The newt mi test was tk dered as a welcome additional tool to help
in decision making by the organizations responsible for supervising the discharge of waste
into watercourses.

More recently, GODET (1994) compared the genotoxic potential of 8 effluents, using
the Ames test and the newt micronucleus assay on pleurodele larvae. He obtained positive
responses with 6 industrial effluents from various origins (metallurgy, chemustry) on
pleurodele larvae and with the Ames test applied to metallic waste samples and to organic
extracts of a paper mill effluent. Trying to identify genotoxic pollutants responsible of the
positive responses observed with the newt micronucleus assay in industnal effluents
containing Fe, Cr III, Cr VI, and Zn, the author focused on the study of these metallic
constituants on pleurodele larvae. Thus, Fe concentrations of 0.6 and 12.5 mg/l led to
positive responses, whereas conoentrauons of 2.5 and 1 mg/l for Cr 1II and Cr VI

pecti led only lly to positive Previous effects
observed on pleurodele larvae with industnal effluents containing different mixtures of
metallic pollutants were explained, considering the different types of effluents tested, either
by the predominent effect of one of the metallic pollutants (Fe for example), or by the
combined action of two of the metallic ions present in the effluent (Fe Il and Cr VI). In
conclusion, the author suggested the use of the sensitive newt micronucleus assay to reveal
the possible synergistic effects of pollutants mixtures in water. He also proposed a new
strategy to study the genotoxic potential of effluents, combining the Ames test and the
amphibian micronucleus assay on pleurodele larvae, and suggested to modify the test
procedure to optimize the detection of genotoxic effects in effluents and to help the
development of this assay in a routine use.

In the current use of the amphibian micronucleus assay to evaluate genotoxic impact
of waste water discharged in the environment, other types of effluents have been recently
studied by GAUTHIER (1996) In the framework of an environmental study on the impact
of roadway runfall effluents, the genotoxicity of 6 runfall samples has been eval-
uated during 6 different rainfall periods over a year, on pleurodele larvae. The author
observed positive responses in animals reared in 3 different effluents taken from the
sampling site (a water retention tank receiving runfall effluents of a charactenized roadway
section). For each positive effluent, dose-effect responses have been obtained. Physico-
chemical analysis of the water samples have been carried out simultaneously to the
genotoxicity assays, in order to try to correlate the genotoxic effects observed with the
presence of some chemical substances Even if it is not possible to conclude definitely
from the data obtained, part of the genotoxic effects observed could probably be
attributed to the high level of p i ic hydrocarbons d in the 3 positve
effluents (from 84 to 188 ng/l compared to < 30 ng/l 1n the non-genotoxic water samples)
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All the environmental studies reported previously have been carried out on pleurodele
larvae. Until now, few studies of environmental interest have been devoted to Xenopus
laevis, in spite of its rearing advantages and ease of use.

In 1987, LEHMAN & MILTENBURGER proposed the use of Xenopus larvae to study
Y ic effects of toxi in water. Mi inducing effects of a waste water
were analysed in poly- and monochromatic erythrocytes, with regard to exposure time.
One of the strongest effects was observed 1n larvae exposed to the waste water during their

entire larval development (3 months). Although these exp ditions were i
ible with a routine use of a Xenopus micronucleus assay, these results were the first, from
our knowledge, to report the use of platanna larvae for i the

of a waste water.

In our laboratory, ZoiL-MoREUX (1995) developed a test procedure on Xenopus
farvae inspired from the protocol of the newt micronucleus assay, that can be applied to
env1ronmemal complex mixtures. Thls author compared the results obtained with the

leus test, using p dele and platanna larvae, on 5 chemicals of
environmental interest and on 5 waste waters from various origins (urban waste and
different industrial effluents). Four of the 5 tested effluents were found genctoxic with the
Xenopus micronucleus test, whereas only 3 were ic in the newt mi leus assay.
Both organisms are considered quite equally sensitive (with a small advantage to Xenopus
larvae) and the test procedures are similar. In conclusion, the author suggested that, even
1f 1t may be presumptuous to substitute the platanna for the pleurodele micronucleus assay
1 environmental genotoxicity studies (because of the lack of data), the undeniable
advantages of the frog provide a good prospect for the use of this animal in future
evaluation of genotoxic effects in the aquatic environment.

MECHANISMS INVOLVED IN THE FORMATION OF MICRONUCLEL IN AMPHIBIANS

Parallel to the in vivo detection of genotoxic effects observed with pure substances in
water or with complex mixtures, several studies have been carried out, in our laboratory,

to help the prehension of the hanisms of action involved in the formation of the
micronucleated red blood cells observed in pleurodele larvae,
In 1987, F & Javier d d the ioxi ion of

the 2(3)-tert-butyl(4)hydroxyanisole (BHA), currently used as a food addmve (E 320),
against the clastogenic effects of BaP in pleurodele larvae. BHA was added to the
water at concentrations of 0.5, 1 and 1.5 ppm. It reduced the clastogenic effects of BaP
1 the test larvae, with the most marked effect at a concentration of 0.5 ppm. In order to
explain the results observed, the authors assumed that in the newt BHA influences various
stages in the metabolic transformation and/or detoxication mechanisms of BaP. So, 1t was
likely that metabolites of BaP and secondary reaction products (e.g oxygenated free
radicals) were responsible for the chromosome damage, leading to the appearance of
micronuclei. BHA could thus act by attenuating the formation of these reactive
intermediates or perhaps preventing them reaching their target(s) (DNA or mutotic
apparatus).
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Two years later, MARTY et al. (1989) investigated the effects of the indirect acting
mutagen BaP, involving the action of hepatic P 450 d d: -
ases, to explain the mechanisms controlling the formation of the active metabolites in newt
larvae. The authors demonstrated that the pleurodele is capable of metabolizing BaP
into hydroxylated products in a manner not so different from mammals or other aquatic
orgamsms, of ing them with molecul i m the formation of polar
derivatives to achieve their excretion and to respond to inducers of the
3-methylcholanthrene (3-MC) type. However, despite the metabolizing capacity in the

1 del ion of active bolites of BaP can occur and is suggested as the
main cause of the clastogenic effect of the compound.

MARTY et al (1992), working on the enzymatic activity of cytochrome P 450 forms
induced in pleurodele after pretreatment by 3-MC or phenobarbital, showed that the newt
is characterized by a lower level of hepatic cytochrome P 450-dependent activity than the
rat. Variations of enzymatic activiies according to sex and season were observed Spccnﬁc

activities in newt were 1zed by an almost y to i y
phenobarbital pretreatment. On the other hand, pretreatment by 3- MC resulted in an
increase in the bolism of several in and resorufin derivatives, similar

to the effects observed in rat liver.

Discussion

WHICH SPECIES IS THE BEST SUITED?

From the results presented above, it is possible to compare the performances of the
different amphibian species used in the micronucleus assay to detect genotoxic substances
in water. For the three species, the optimal treatment duration 1s quite simlar and reaning
the breeders does not present any particular problem. Urodele larvae eat exclusively live
prey, whereas Xenopus tadpoles can be fed on dehydrated aquarium fish food. The nterval
between egg laying and testing is 6 weeks for urodeles and only 2 weeks for platanna,
giving a techmical advantage to the latter species However, recording micronucleated cells
is somewhat easier 1n urodeles than in platanna, since red blood cells and micronuclei are
larger in the former ones. Nevertheless, recording micronuclei for all three species is more
straightforward than in the rodent micronucleus test. Pleurodele and Xenopus tests differ
in sensitivity d ding on the d idered. For example, for cyclophosphamide
the detection threshold is 0.5 ppm in pleurodele (FERNANDEZ et al., 1989) and 5 ppm in
platanna. Simularly, for BaP the test is positive with 0.025 ppm in pleurodele (FERNANDEZ
et al., 1989) and 0.06 ppm for platanna (VAN HUMMELEN et al., 1989). Conversely the
detection threshold for methyl mercury is 2.5 ppb in platanna and 12 ppb in pleurodele
(ZoLL et al., 1988).

All three species can demonstrate the genotoxicity of both direct and indirect
mutagens (i.e. those requiring metabolic activation). Among the three species used for the
test, it is not currently possible to state which is best suited for detection of genotoxic
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substances in water, Nevertheless, recent work conducted by ZoLi-MoReUx (1995) with
platanna on industrial effluents, together with the easy reanng condiions of the larvae,
promise a future of this to study the ic activity of natural
waters,

AMPHIBIANS: A SENSITIVE MODEL?

All our previous investigations on pure substances added to the rearing medium of the
larvae have shown that the mlcronucleus test in amphibian is a sensitive and valuable
model for the d of g ds in water. Various factors contribute to
the high sensitivity of our biological model. The larvae strongly accumulate pollutants
from the surrounding medium. This has been well demonstrated for compounds such as
methyl mercury (ZoLL et al., 1988) and BaP (GRINFELD et al., 1986; MARTY et al., 1989).
Studies carried out with various waste waters taken directly at industrial or urban sites
confirm the abihity of the amphibian micronucleus assay to reveal the presence of
genotoxic substances discharged in the aquatic environment, even after dilution. In most
cases studied, d. Tated resp of the ind of ery ytes were
observed. Furthermore, induction of micronucler was also observed wnh test durations
shorter than 12 days, without substantial changes in the response (GAUTHIER et al., 1993).
The sensitivity of the method allows direct testing of water samples without the

for or ion of the micropoil (techni required
for most in vitro studies) leading to the preparation of extracts which are not
representative of the initial water samples (VAN DER GAAG et al., 1990). Because of the
high sensitivity of our test system, genotoxic potential of drinking water has been detected.
Water samples taken directly from the tap or taken at different treatment steps in water
treatment plants were found genotoxic, whereas other test systems probably would not
have revealed any mutagenic activity.

Presently, the amphibian micronucleus assay using pleurodele larvae is the only test
system dedicated to an aquatic vertebrate and sufficiently sensitive to detect the genotoxic
potential in drinking water samples.

IN VIVO AGAINST IN VITRO TEST-SYSTEMS?

We have shown (VAN DER GAAG et al, 1990) that the techniques of sterilization,
extraction and ion of organic 1l in water required for in vitro
studies lead to the preparation of extracts which are not representative of the initial water
sample. Moreover, the proportion of the genotoxicity arising from chemical pollutants
transformed or neoformed during extraction, compared to that of the original sample,
cannot be eval d. These prot can be ci by the use of in vivo tests giving
a direct evaluation of the genotoxicity of dilute effluents without the requirement for
extraction or concentration of the micropollutants. Apart from this undeniable advantage,
these in vivo tests present others which are also of considerable interest. Firstly, they use
aquatic spectes which are exposed directly to the water to be tested. Also the species used
are phylogenetically closer to man than are bacteria. Finally, the chromosomal damage 15
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evaluated in whole organisms and thus takes into account any interaction that might occur
between 1l as well as pt of bi ilability and the overall
metabolism of the animal. The responses obtained not only express the complex
phenomena taking place m the whole organism, but also the interactions between the
organism and its environment Moreover, in vitro tests are not suited for detection of
indirectly acting mutagens. To get around this problem, metabolic-activating systems are
added to the bacterial culture. These are generally m the form of a microsomal preparation
from rat liver, but can lead to problems in the interpretation of the results.

Nevertheless, the use of in vitro assays (tissue culture systems and bacterial tests)
presents some other ad They are g y less ti ing and expensive
than the in vivo tests. They represent suitable early warning systems, although they cannot
supplant the in vivo methods for more accurate evaluation of risks. Moreover, they score
complementary endpoints of those of in vivo test systems. So, 1t 18 more and more
proposed to associate in vitro and in vivo detection in a “test battery”, able to reveal the
various types of ions (genic, ch 1 and ic), to assess the majority of
the genotoxic fraction in the water samples studied. For example, integration of the
amphibian micronucleus test in a test battery for quality control of the water would help
to the evaluation of risks to human health, as well as to the protection of aquatic
ecosystems. The most commonly used tests, at present, are the in vitro test systems using
bactena, as they are both cheap and quick, and the in vivo test systems like the mouse
micronucleus test, as it is well developed worldwide. However, this latter is not well
adapted to aquatic environmental studies and was found less sensitive than the newt
micronucleus assay for the detection of some carcinogens in water (LECURIEUX et al.,
1992). In many cases, the risk from genotoxic agents in water is a hidden one. Although
mutagenic micropollutants may not be lethal, they may alter the natural equilibrium m
subtle ways or even sterilize fragile species. An in the rate of may
also accelerate the process of evolution, leading to a i of certain species to the
detriment of others, although here the precise nisk is hard to estimate. In any event,
extrapolation of the tests’ results to the real-word situation represents an exercise in
judgment.

FUTURE DEVELOPMENT AREAS

Presently, one of the research axes developed in our laboratory deals with
fundamental preoccupations. Recent research (unpubhshed results) has shown thc
possibility to detect aneugenic effects of some b: using the
micronucieus assay. Knowing the close relations between aneuploidy and the imitiation of
cancers, it seems important to be able to detect the presence of these specific genotoxic
substances in the aquatic environment. It is clear that the future development of the
amphibian micronucleus test will find its way in environmental research. Up to now, the
pilot studies carried out with this test system on waste waters of various origins underhine
the ability of this method to detect the anthropogenic genotoxicity of polluted natural
waters and to evaluate directly the impact of aquatic contamination on the ecosystems
exposed. The simplicity of the test could allow its use in routine monitoring of, for
example, the contamination of a river and 1n the evaluation of programs of installations
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intended to reduce pollution. However, in its current form, this in vivo test system remains
a relatively heavy and costly technique, limiting its general diffusion in spite of its ease of
use. For this reason, it seems now necessary to improve the feasibility of the test by
shortening the exposure time of the larvae and helping the scoring of the micronucleated
cells in analyzing the blood smears with a computer. We are therefore trying to develop
in our laboratory an automated method of scoring the micronucleated red blood cells with
a computerized imaging system. Another line of research consists in the extension of the
application field of the amphibian micronucleus assay. Up to now, only the aquatic
compartment has been evaluated using this method. However, it is well known that
genotoxic pollutants, even if they transit in the aquatic compartment, often find their way
in soils or sediments. For instance, the results obtained by VAN DER GAAG et al. (1990)
indicate that part of the genotoxicity in natural water samples was absorbed onto
particulate maiter and would only become available to biota during intensive contact, such
as may occur in sediment. In this respect, the genotoxicity may havea senous tcxlcologlcal
relevance in sedimentation areas. To explore the g icity of

or soils, using our laboratory test system, new approaches have to be perfected (new
exposure conditions, lixiviation of soil samples).

AMPHIBIANS. WELCOME GENOTOXICITY BIOINDICATORS?

Finally, all the experiments carried out over the last decade on the induction of
micronuclei 1n the red blood cells of pleurodele, axolotl and platanna larvae confirm our
mitial choice of these animals as efficient laboratory detectors of the hidden risks in the
aquatic environment Up to now, few studies have reported the use of amphibians as real
in situ bioindicators of the genotoxic potential of natural waters. Some trials have been
undertaken on other aquatic veriebrates, like fishes, representing a potential material for
the setting of the micronucleus test, but at the present time the fish micronucleus assay
does not seem capable of constituting a routine test to study the genotoxicity of water
(HooFTMAN & VINK, 1981, HooFTMAN & DE Raart, 1982; Carrasco et al, 1990).
Programs designed to protect the environment require methods for evaluating the
genotoxic hazards to which the various popul aquatic are
exposed. Since such hazards are water-borne, laboratory tests need to be developed that
assess duectly the genotoxicity of water, effluents and substances or preparations to
aquatic organisms. However, the in vivo tests on aquatic organisms are not yet widely
accepted, they require more backing to play a major role. They can already be useful at
this time, for instance by including them in Toxicity Reduction Evaluation (TRE) such as
they are advised or prescribed already by different governmental agencies (ANONYMOUS,
1989, 1990; VAN DER GAAG, 1991).

DECLINING AMPHIBIAN POPULATIONS: A WAY OF EXPLANATION?

The populations of many amphibian species, in various habitats worldwide, appear to
be in severe decline (WAKE et al , 1991). There is no known single cause for the declines,
but their widespread distribution suggests involvement of both global and local agents
(BLAUSTEIN et al., 19945; Dusois, 1994), among which habitat destruction, conversion of
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agnicultural lands from ditional uses, i duction of and

pollution from pesticides (BERRILL et al., 1993, 1994), mining and logging, acid
precipitation (PoUGH & WIiLsoN, 1977; Tome & PoucH, 1982; Cook, 1983), increased levels
of ultraviolet irradiation (BLAUSTEIN et al., 19944), consumption by humans and global
climate change.

In any way, the increasing presence of genotoxic agents in many natural aquatic
media could be i as a factor ing to the decline of amphibian
pop Indeed, the nsk may affect any cell in the organism. Mutation in
a somatic cell may trigger a process leading to carcinogenesis. Mutagenic agents also exert
their action on germ cells. If the toxicity is severe and many cells are affected, there may
be a lowered or even temporary loss in fertiity. If a gamete with a genetic anomaly
contributes to the formation of a zygote, the disorder created in the hereditary material
may be serious enough to lead to the death of the embryo. Although a genetic anomaly
that is compatible with survival of the organism frequently leads to an immediately
obvious anomaly in the phenotype, the effect may be differed and only become apparent
in future generations This is often the case with equilibrated chromosomal rearrangements
and recessive mutations.

Until now, few studies have been carried out to monitor the behavior of our three
test-organisms after exposure. GRIENFELD et al. (1986) observed an increase in frequency
of micronuclei in pleurodeies larvae 6 days after the beginning of exposure (12 to 48 hours)
to BaP (0.5 ppm) and a progressive decrease of the micronucleated cells from day 6 to day
12. The decrease could be interpreted as the result of several phenomena: the progressive
dilution of the micronucleated erythrocytes with normal cells, the destruction of the
micronucleated cells or of the mlcronuclel in the damaged cells. What about the real
mmpact of to in h with other
times, in other cellular types, especially those involved in the reproduction, in the whole
organism and on the population 1tself?

At this time, there 15 no clear evidence to answer these questions on our
test-organisms, because of the lack of data. Most of the work remains to be done and will
constitute the chall for b hols and logists over the next decades, as
expressed by WAKE (1991): “Amphibians may serve usefully as bioindicators, orgamisms
that convey information on the state of health of environments. How to read the message
and what to do about it, are timely challenges to scientists and to the public.”

RESUME

Cet article constitue une revue des travaux réalisés depuis nne dizaine d’années sur la
détection du pouvorr génotoxique des milieux aquatiques {eaux douces) 4 I'aide de larves
d’amphibiens. Trois espéces ont été plus particuliérement utilisées pour réaliser ces études.
1l s'agit de deux urodéles, le pleurodéle (Pleurodeles waltl) et Vaxolotl (Ambystoma
mexicanum), ainsi que d’un anoure, le xénope d’Afrique du Sud (Xenopus laevis). La
technique mise au point sur les larves de ces trois espéces d’amphibiens au Centre de
Biologie du Développement de Toulouse, France, permet de révéler directement la
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présence de substances genolox:ques dans P'ean d’¢levage des animaux en mesurant le
niveau d'induction de Y dans les éryth des larves exposees a des
substances pures, 4 des agents i ou & des mél. 1 de tels
que des eaux de boisson, des eaux de surface, des rejets industriels et domestiques, ou tout
effluent aqueux.

Aprés une présentation du protocole des essais et des conditions d'élevage des
ammaux, les résultats obtenus avec le test des mlcronoyaux sur les larves d’amphibiens
sont rapportés en le dér chronol des évé qui
ont abouti, d’'une part 4 la publication de I'essa1 sous sa forme normalisée en 1992, et
d’autre part aux orentations actuelles des recherches menées dans le domaine de
I’écotoxicologie génétique in vivo des milieux aquatiques, o les amphibiens, grice
4 I'ensemble des travaux rapportés dans le présent article, tiennent une place prépon-
dérante.

Le choxx des orientations de travail futures est ensultc discuté en termes de validité de
T'uti des ibi comme i de icité en milieu aquatique,
idé les b de ce modéle et sa complémentarité avec les tests

vitro qui sont les plus utilisés dans ce domaine
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